OBJECTIVES: Phrenic nerve injury after paediatric heart surgery is associated with significant morbidity. Surgical plication of the diaphragm is believed to be beneficial to the patient, with difficult weaning from ventilation; however, the optimal timing remains unclear. We aimed to compare the outcome after two different strategies for treating hemidiaphragmatic paresis.
INTRODUCTION
The advances in paediatric heart surgery and postoperative care in recent decades make almost all forms of congenital heart disease successfully treatable nowadays. However, there are still certain risks of complications, and the multidisciplinary approach to these patients remains a challenge. Congenital heart surgery involves extensive dissection, reoperations with severe adhesions and not infrequently, hypothermia below 32°C. These factors make phrenic nerve injury a possible complication. It leads to dysfunction of the hemidiaphragm, resulting in long ventilation, frequent reintubations and long intensive care unit (ICU) stay [1] . Physiological and anatomical factors make newborns and infants particularly vulnerable to the consequences of hemidiaphragmatic dysfunction [2] . Surgical plication of the hemidiaphragm is believed to facilitate weaning from ventilation; however, the right timing for it remains unclear. Many authors recommend an aggressive strategy with early plication [2] [3] [4] , which may lead to unnecessary surgical interventions in at least a part of these vulnerable patients. We aimed to compare the outcome of two strategies for surgical plication: one with plication of the hemidiaphragm after multiple extubation efforts and the other-a more aggressive one with early plication. Suggesting that the newborn patients would draw most benefits from the aggressive strategy, we performed a separate analysis in this group of patients.
MATERIALS AND METHODS
The hospital Ethics Committee reviewed and approved the study protocol. The parents of all patients gave informed consent for surgery. The need for additional informed consent for the use of de-identified data of the patients for the study was waived.
The study included all patients who were diagnosed with hemidiaphragmatic paresis after congenital heart surgery in our institution between 2000 and 2010. We retrospectively reviewed the hospital records of the patients with special attention to the ventilation time, rate of reintubations, ICU stay and rate of surgical plication of the hemidiaphragm. To assess the complexity of the patients, the RACHS-1 score and Aristotle basic score were determined according to the respective publications [5, 6] .
During the study period, in 2005, there was a change in the strategy regarding hemidiaphragmatic paresis in our institution. Until the end of 2004, the function of the diaphragm was assessed only if there was a clinical suspicion of its dysfunction. Therefore, all patients from this period who were diagnosed with phrenic nerve injury were symptomatic-it caused respiratory failure with difficult or impossible weaning from ventilation. In cases of paresis, we had a conservative approach-prolonged ventilation with gradual weaning. The patient's hemidiaphragm was surgically plicated only if multiple extubation efforts were unsuccessful. After 2005, the strategy changed towards a more-aggressive approach. All patients underwent routine ultrasound screening of the hemidiaphragm function prior to extubation. In cases of absent or paradoxal movement, a single attempt at extubation was made, and if it was unsuccessful, the patient was scheduled for surgical plication of the hemidiaphragm. We hypothesized that the aggressive approach with active screening and early plication would result in a better outcome by means of a shorter ventilation time, less reintubations and shorter ICU stay. We compared these parameters between the patients from the two periods. We further suggested that the aggressive strategy would have the largest impact on the clinical outcome in the group of newborn patients younger than 30 days. To examine that, we performed the same analysis separately in the newborns.
The function of the diaphragm was assessed with ultrasound, and if paresis was suspected, in some patients fluoroscopy was additionally performed. In recent years, there was a clear tendency towards the use of ultrasound as a single diagnostic utility. Surgery was performed through a thoracothomy in the sixth or seventh intercostal space, and the hemidiaphragm was plicated according to the technique described by Schwartz et al. [7] .
Statistics
Continuous variables were presented as medians with range, and categorical variables were presented as the number of patients and relative frequencies. A comparison of data between the two groups was performed using the non-parametric Mann-Whitney test for continuous and the χ 2 test for categorical variables. For the statistical analysis, we used the SPSS v16.0 software with a P ≤ 0.05 considered significant.
RESULTS

Patient characteristics
During the study period, we had performed 3373 cardiac operations in children in our centre, and 148 of them were diagnosed with hemidiaphragmatic paresis and were included in the study. The overall incidence of hemidiaphragmatic paresis for the period was 4.4%. Median age at the cardiac operation was 7 months (1 day-18 years); patients' diagnoses are presented in Table 1 . In 68 (46%) patients, there was a paresis of the left hemidiaphragm, in 79 (53.3%)-of the right and in 1 (0.7%)-of both. Ventilation time ranged from 4 h to 41 days (median 7 days); 42 (28.4%) of the patients required at least one reintubation; ICU stay ranged from 2 to 63 days (median 11 days). In 63 (42.6%) of the patients, the hemidiaphragm was plicated and this additional procedure was performed between the 3rd and 40th day after the initial cardiac operation (median at the ninth day). The median duration of ventilation after plication was 2 (1-28 days).
Comparison between both strategies
The patients from the second period tended to be younger; however, the difference did not reach statistical significance-14 months (1 day-18 years) vs 4.8 months (1 day-14 years), P = 0.055. The proportion of newborn patients in the two Other procedures include Senning procedure (n = 3), pulmonary artery banding (n = 2), interrupted aortic arch repair (n = 2), Norwood Stage I (n = 1), aorto-pulmonary fenestration repair (n = 1), unifocalization (n = 1), pulmonary artery thrombectomy (n = 1), Konno procedure (n = 1), subaortic stenosis repair (n = 1), aortic valve commisurotomy (n = 1), echinoccocal cysts removal (n = 1), mitral valve replacement (n = 1) and aortic valve replacement (n = 1).
CONGENITAL
S. Georgiev et al. / European Journal of Cardio-Thoracic Surgeryperiods was similar-14 (26%) vs 32 (34%), P = 0.36. The distribution of the patients' diagnoses in the two periods is presented in Table 1 . The complexity scores of the patients between the two periods did not differ significantly-RACHS-1-3 (2-3) vs 3 (1-6), P = 0.95; Aristotle score-8 (6-11) vs 8 (6-14.5), P = 0.64. The distribution of the patients according to the complexity scores is presented in Table 2 .
There was a tendency towards a higher incidence of diagnosed Table 3 .
There were no significant differences in the ventilation times, reintubation rates and ICU stay between the two periods ( Table 4 ).
Outcomes in the newborn patients
The study included 46 newborn patients. Compared with the patients older than 1 month, the newborns had longer ventilation times-12 (2-40) vs 4 days (4 h-41 days), P < 0.001, higher reintubation rates-43 vs 24%, P = 0.019, needed more plications of the diaphragm-65 vs 32%, P < 0.001 and also longer ICU stay -15 (6-63) vs 9 (2-37) days, P < 0.001. The newborn patients who were operated on after 2005 underwent significantly more plications-29 of 32 (91%) vs 1 of 14 (7%) before 2004, P < 0.001. The outcomes of the newborns were also comparable between the two periods ( Table 2) .
DISCUSSION
A possible approach to the patient with phrenic nerve injury and difficulties in ventilation weaning is surgical plication of the hemidiaphragm; however, the optimal timing for it remains unknown. The data from our study suggest that an aggressive strategy with early plication is not associated with decreased morbidity by means of reintubation rate, ventilation time and ICU stay.
Phrenic nerve injury may occur after congenital heart surgery and may lead to significant morbidity. It was shown that hemidiaphragmatic dysfunction was associated with prolonged ventilation and more reintubations, resulting in longer ICU stay [1, 8] . A possible conservative treatment approach includes prolonged ventilation with gradual weaning with all its negative effects, and alternative ventilation methods like noninvasive positive pressure ventilation [9] and negative extrathoracic pressure ventilation [10] -both being performed relatively rarely. Surgical plication of the hemidiaphragm is an alternative for the patients with difficult weaning, as it was shown in a number of observational studies to lead relatively fast to definitive extubation [1] [2] [3] [4] [11] [12] [13] . Possible drawbacks of the plication include the additional trauma associated with the surgical procedure and concerns about the long-term return of the function of the injured diaphragm. The few studies focused on the long-term function of the plicated diaphragm report conflicting data. According to some series, normal movement tends to return during follow-up [11, 14] , while others report that this favourable outcome occurs only in less than half of the patients [3, 15] . In a study investigating the mid-term effects of postoperative phrenic nerve injury and diaphragm plication, Lemmer et al. [15] found that, although the plicated patients tended to have lower lung function values, they did not differ significantly in their exercise capacity from the patients with paresis but without plication. Although plication of the diaphragm seems to be an established method for treating phrenic nerve injury, its proper timing remains unclear. It is believed that surgical treatment should be performed if extubation is impossible; however, when the right time is to decide whether the patient really cannot be extubated is not clear. Concerning the strategy to manage such patients, the authors of many studies in the literature seem to use, or suggest as a conclusion, a relatively aggressive approach with early plication of the diaphragm [1, 3, 4, 11, 13] . In our centre, we also adopted this approach in 2005-if a patient with hemidiaphragmatic paresis failed a single extubation effort, he underwent plication. Although the real benefit from the early surgical treatment was not shown in prospective randomized studies, there were a growing number of publications, suggesting that it might be the right strategy. Additionally, it is possible to extubate many patients within a few days after plication, and for the clinician it is relatively reassuring to act aggressively, than to wait and manage conservatively. Therefore, we changed our strategy relatively fast towards earlier recognition and surgical treatment of hemidiaphragm injury. Indeed, the patients who were not plicated required significantly shorter ventilation and ICU stay with the new approach, simply because those who were difficult to wean were scheduled for early surgical treatment. This, however, was not associated with a substantial improvement in the outcome of the whole phrenic nerve injury population in our institution.
Because small children are believed to be particularly dependent on diaphragm movement and vulnerable to the effects of its dysfunction [2] , we analysed the group of newborns separately and again did not find any significant differences in the outcome.
Following our new strategy, we had performed diaphragmatic plication significantly more often after 2005-in 58 (62%), compared with 5 patients (9%) before 2004. According to our analysis, it seems that, at least in part of the cases, the additional surgical procedure has not led directly to any beneficial outcome and could have been avoided. We still believe that plication is needed in some of the patients who fail multiple extubation efforts, but our results suggest that the frequency of its use may be significantly reduced without compromising the outcome of the patients. There are multiple factors that may influence the successful extubation in a child after heart surgery-haemodynamic stability, lung injury secondary to the cardiopulmonary bypass, use of opoids, infections and others [16] . Diaphragmatic dysfunction undoubtedly plays a significant role in respiratory insufficiency in cases of phrenic nerve injury. Nevertheless, we believe that, after reducing the effects of the other negative factors, many of the patients, including newborns, manage to breathe spontaneously without plication.
The incidence of diaphragmatic paresis in our population was 4.4%, which is comparable with the reported incidence in the literature-between 1.4 and 5.4% [1, 2, 12, 13] . Our strategy in the second period included ultrasound screening before extubation and, as expected, it led to an increased incidence of diagnosed diaphragmatic dysfunction. Similar results were reported from the group of Lemmer et al.
[1]-they had experienced an initial increase and a secondary decrease in the rate of phrenic nerve injury after the introduction of echocardiography screening. Not surprisingly, the rate of diagnosed phrenic nerve injury depends on the type of diagnostic method that is used. Ross Russell et al. [8] , using an electrophysiological measurement of phrenic nerve latency, found a surprisingly high incidence of its injury-20% and it had profound negative effects on the outcome. Although it obviously misses many patients with phrenic nerve injury, we believe that ultrasound screening is useful, as it can suggest which children are expected to have difficulties with spontaneous breathing and help treat these challenging patients.
Our study has several important limitations. First, it is a retrospective observational study and suffers from the limitations of its design. The first period, in contrast to the second, included only patients with diaphragmatic dysfunction who were symptomatic (and hence raising the suspicion of, and being diagnosed as, having phrenic nerve injury). Therefore, it is possible that, after introducing the screening in 2005 (and therefore including also the asymptomatic children), the patients were on the average less ill regarding respiratory function and had on the average less-difficult weaning. This could have biased the results from the comparison of the outcome between groups. This could lead to a better outcome of the patients diagnosed with diaphragmatic paresis after 2005, enhancing the hypothetic beneficial effect of early diaphragmatic plication-an effect that was not confirmed by our study. It is possible that other factors lead to more difficult ventilation weaning in the second period, thus masking the benefit of our new plication strategy. Although the patients from the second period tended to be younger, the proportion of newborns (requiring the longer ventilation times) remained similar. The complexity of the patients, assessed with the available scores, also did not change significantly between both periods. Other factors, which may significantly influence the outcome of postoperative care, include sedation protocols, amount and type of muscle relaxants, ventilation weaning protocols, bleeding and infection rates, number of patients with preoperative cyanosis or lung dysfunction, etc. In general, the postoperative care strategy, particularly regarding extubation, has not changed substantially during the study period. Given the above limitations, our results should be interpreted cautiously, but they provide information that can be used for planning prospective randomized studies.
In conclusion, phrenic nerve injury is a possible complication causing significant morbidity after paediatric heart surgery. Changing our strategy from a surgical plication after multiple unsuccessful efforts towards early plication was not associated with the better outcome. The newborn patients also did not benefit from the more-aggressive strategy. Prospective randomized studies are needed to determine the optimal treatment.
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